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研究ノート
なぜ細胞性粘菌の動きは微分方程式で表されるのか
矢 作 由 美＊
　細胞性粘菌は，周囲に餌があるときにはアメーバ状の形をして分裂を繰り返す．餌がなくなり
飢餓状態に陥ると，ナメクジのような集合体となる．Keller-Segel系と呼ばれる偏微分方程式系が，
その集合体形成の様子を記述する．ここでは，生物モデルとしてのKeller-Segel系を確率論的に再
考し，細胞性粘菌を構成するおよそ10万個とも言われる細胞一つ一つの動きを，確率的点の動きと
して表現してみたい．
キーワード：細胞性粘菌，Keller-Segel系，確率論
Why the Motion of the Cellular Slime Molds 
Can be Expressed by PDEs ?
Yumi YAHAGI＊
The cellular slime molds perform the cell division when there exist full feed around them. In this 
situation, they keep the form as ameba. After they eat whole of feed in their surrounding, they fall into 
starvation.Then, they are gathering and take a form like a slug （the hunger state）. The Keller Segel system is 
the biological model which expresses the movement until the cellular slime molds fall in the hunger state and 
form an aggregate. Here, we reconsider the Keller-Segel system as a biological model, and express the motion 
of the cells from a probablistic point of view.
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1 ͸͡Ίʹ
ࡉ๔ੑ೪ە [஫ 1], ಛʹ Dictyostelium
discoideumʢ࿨໊ɿΩΠϩλϚϗίϦΧϏ [஫
2] ʣ͸ͦͷߏ଄͕୯७Ͱ͋Δ͜ͱ, ·ͨഓཆ͕
༰қͰ͋Δ͜ͱ͔Β, ۙ೥Ҩ఻ࢠݚڀʹ༻͍Β
ΕΔੜ෺ͱͯ͠஫໨͞Ε͍ͯΔ [஫ 3] . ҰํͰ,
ࡉ๔ੑ೪ە͸पғʹӤ͕͋Δͱ͖ʹ͸୯ࡉ๔Ξ
ϝʔόͷঢ়ଶͰ෼྾Λ܁Γฦ͕͢, Ӥ͕ͳ͘ͳ
Γٌծঢ়ଶʹؕΔͱφϝΫδͷΑ͏ͳू߹ମΛ
ܗ੒͢Δ. ͜ͷΑ͏ͳಛ௃Λ΋ͭࡉ๔ੑ೪ەͷ
ಈ͖͸, ඍ෼ํఔࣜͰද͞ΕΔͷͰ͋Ζ͏͔ʁ
࣮͸, ͦͷू߹ମܗ੒ݱ৅Λهड़͢Δੜ෺Ϟ
σϧ͕ 1970೥୅ʹ Keller, Segel (1970) [3] ʹ
Αͬͯఏএ͞Ε, ݱࡏ͸ Keller-Segel ܥͱͯ͠
෯޿͘਺ֶऀʹΑͬͯݚڀ͕ͳ͞Ε͍ͯΔ.
ຊߘͰ͸, ୈ 2 ষͰࡉ๔ੑ೪ەʹ͍ͭͯͷ؆
୯ͳઆ໌Λ͠, ୈ 3 ষͰੜ෺Ϟσϧͱͯ͠ͷ
Keller-SegelܥΛ঺հ͢Δ. ͔͠͠ͳ͕Β, ࡉ๔
ੑ೪ە͸͓Αͦ 10ສݸͱ΋ݴΘΕΔݸʑͷࡉ
๔͕մΛͳ͢͜ͱͰߏ੒͞Ε͍ͯΔͷʹରͯ͠,
Keller-Segel ܥ͕ද͢ͷ͸ࡉ๔ͷմͷಈ͖Ͱ͋
Γ, ݸʑͷࡉ๔ͷಈ͖Λهड़͢Δ͜ͱ͸Ͱ͖ͳ
͍. ͦ͜Ͱୈ 4 ষҎ߱Ͱ͸, ֬཰࿦త͋Δ͍͸
౷ܭֶత؍఺͔Β Keller-Segel ܥͷ࠶ߟΛࢼΈ
Δ. ୈ 4 ষͰ͸෺ମͷϥϯμϜͳಈ͖Λهड़͢
Δϒϥ΢ϯӡಈʹ͍ͭͯઆ໌͠, ࠷ޙʹ, ୈ 5
ষͰஶऀͷ࠷ۙͷ݁ՌΛ঺հ͠, ࡉ๔ੑ೪ەΛ
ߏ੒͢Δݸʑͷࡉ๔ͷಈ͖Λ, ֬཰త఺ͷಈ͖
ͱͯ͠දݱͯ͠ΈΔ.
2 ࡉ๔ੑ೪ە
2.1 ࡉ๔ੑ೪ەͱ͸
ࡉ๔ੑ೪ە͸ओͱͯ͠৿ྛͷ౔৕ද૚ʹੜҭ
͢Δੜ෺Ͱ͋Δ. ܗଶ্ͷಛ௃͸, ๔ࢠ͕ू·ͬ
ͯٿܗͷմͱͳͬͨ ๔ࢠմ͕ ฑ ʹΑͬͯ࣋ͪ
্͛ΒΕͨ ࢠ࣮ମ Λܗ੒͢Δ͜ͱͰ͋Δ. ࢠ
࣮ମͷશ௕͸͓Αͦ 1ʙ5 mm Ͱ͋Δ.
ਤ 1. ΩΠϩλϚϗίϦΧϏͷࢠ࣮ମ [6]
2.2 ࡉ๔ੑ೪ەͷϥΠϑαΠΫϧ
ࡉ๔ੑ೪ەͷϥΠϑαΠΫϧʹ͍ͭͯ, ؆୯
ʹΈͯΈΑ͏ɻࡉ๔ੑ೪ە͸, ࠷ऴతʹ͸લड़
ͷࢠ࣮ମͱݺ͹ΕΔ২෺ͷΑ͏ͳߏ଄Λܗ࡞Δ.
ࢠ࣮ମ͔Β์ग़͞Εͨ๔ࢠ͸ൃժͯ͠, Ξϝʔ
όͷঢ়ଶͰӤΛ৯΂෼྾ͯ͠૿͍͕͑ͯ͘, प
ғͷόΫςϦΞͳͲͷ͑͞Λ৯΂ٌͭͯ͘͠ծ
ঢ়ଶʹؕΔͱ, ࡉ๔͸φϝΫδͷΑ͏ͳࡉ๔ମ
Λܗ੒͢Δ. ͦͷͱ͖ʹαΠΫϦοΫ AMP ͱ
͍͏Խֶ෺࣭Λ෼ൻ͢Δ. ͜ͷԽֶ෺࣭ʹ༠Ҿ
͞Εࡉ๔͸૸Խੑ [஫ 4] Λ༗ͯ͠, φϝΫδͷ
Α͏ͳू߹ମΛܗ੒͢Δ. ͦͯ͠ޫ΍೤ͷ͋Δ
ํ΁ͱҠಈ͠, ੒௕ͯ͠ࢠ࣮ମΛܗ੒͢Δ. ঘ,
͜ͷϥΠϑαΠΫϧʹඅ΍࣌ؒ͢͸, ͓Αͦ 24
࣌ؒͰ͋Δ.
ਤ 2 ࡉ๔ੑ೪ەͷϥΠϑαΠΫϧ [7]
2
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3 ࡉ๔ੑ೪ەͱ Keller-Segel ܥ
3.1 Keller-Segel ܥ
ٌծঢ়ଶʹؕͬͨࡉ๔ੑ೪ە͕ू߹ମΛܗ੒
͢Δ༷ࢠΛهड़͢Δͷ͕, Keller-Segel ܥͱݺ
͹ΕΔภඍ෼ํఔࣜܥͰ͋Δ. Ͱ͸۩ମతʹ͸
ͲͷΑ͏ͳඍ෼ํఔࣜͰ͋Ζ͏͔. ΑΓৄ͘͠
͸Bellomo et al. (2015) [1] ΍, Hillen, Painter
(2009) [2] ʹΑͬͯ෼ྨɾهࡌ͞Ε͍ͯΔ. ͜
͜Ͱ͸࠷΋γϯϓϧͰඪ४ܕͱ͞Ε, ੝Μʹݚ
ڀ͕ͳ͞Ε͍ͯΔҎԼͷ Keller-Segel ܥ (KS)
ΛΈͯΈΔ.
(KS)

∂u
∂t
= ∆u− a ∇ · (u∇v)
in Ω× (0,∞) · · · (1),
∂v
∂t
= ∆v − γv + αu
in Ω× (0,∞) · · · (2),
∂u
∂ν
=
∂v
∂ν
= 0ɹ
in ∂Ω× (0,∞) · · · (3),
u(x, 0) = u(x) ≥ 0, v(x, 0) = v(x) ≥ 0
in Ω · · · (4).
͜͜Ͱ a, α, γ ͸ਖ਼ͷఆ਺Ͱ͋Γ, Ω ⊂ RN ͸
׈Β͔ͳ༗քྖҬͰ͋Δ. u, v ͸Ґஔ x =
(x1, x2, · · · , xN ) ʹґଘ͠, ࣌ࠁ t ʹ͸ґଘ͠
ͳ͍ؔ਺Ͱ͋Δ. ղ u = u(x, t) ͱ v = v(x, t)
͸ͦΕͧΕҐஔ x = (x1, x2, · · · , xN ), ࣌ࠁ t
ʹ͓͚Δࡉ๔ੑ೪ەͷࡉ๔ີ౓ʢࡉ๔ͷ૯ݸମ
਺ʣ,ࡉ๔ੑ೪ە͕෼ൻ͢ΔԽֶ෺࣭αΠΫϦο
Ϋ AMPͷೱ౓Λද͢. ∂Ω ͸ Ω ͷڥքΛද͢.
·ͨ, ∂
∂ν
͸ ∂Ω ʹ͓͚Δ֎޲͖୯Ґ๏ઢϕΫ
τϧ ν(x) = (ν1(x), ν2(x), · · · , νN (x)) ํ޲ͷ
ඍ෼
∂f
∂ν
(x) =
N∑
k=1
νk(x)
∂f
∂xk
(x)
Λද͢. (KS)ͷୈ̍ࣜ (1) ʹݱΕΔه߸ ∆, ∇,
∇· ͸ͦΕͧΕҎԼͰఆٛ͞ΕΔ.
∆u :=
N∑
k=1
∂2u
∂x2k
=
∂2u
∂x21
+
∂2u
∂x22
+ · · ·+ ∂
2u
∂x2N
,
∇u := ( ∂u
∂x1
,
∂u
∂x2
, · · · , ∂u
∂xN
),
∇ · (u∇v) :=
N∑
k=1
∂
∂xk
(u
∂v
∂xk
).
3.2 ੜ෺Ϟσϧͱͯ͠ͷKeller-Segelܥ
ͯ͞, (KS)ͷੜ෺Ϟσϧͱͯ͠ͷղऍΛ༩͑
Α͏. ·ͣ, (KS) ͷୈ̍ํఔࣜ (1) ͔ࣜΒΈͯ
ΈΑ͏. (1) ࣜͷӈลୈ߲̍ʹண໨ͯ͠ୈ߲̎
Λແࢹ͢Δͱ,
∂u
∂t
= ∆u in Ω× (0,∞) (5)
ͱͳΓ, ͜Ε͸ ೤఻ಋํఔࣜ Ͱ͋Δʢ4.2, 4.3
ࢀরʣ. ೤఻ಋํఔࣜ͸֦ࢄํఔࣜͱ΋ݺ͹Ε,
࣌ؒͷܦաʹै͍,ฏ׈Խ࡞༻ [஫ 5]͕ಇ͘ʢਤ
3 ). ࣍ʹ, (1) ࣜͷӈลୈ߲̎ʹண໨ͯ͠ୈ 1
߲Λແࢹ͢Δͱ,
∂u
∂t
= −a∇ · (u∇v) in Ω× (0,∞) (6)
ͱͳΓ, ͜Ε͸ྲྀମྗֶʹ͓͚ΔEulerͷ࿈ଓ
ͷࣜ Ͱ͋Δ. (6) ͸ࡉ๔ੑ೪ە͕଎౓ a∇v Ͱ
ಈ͘͜ͱΛҙຯ͠, ͜ΕʹΑΓूதݱ৅ʢࡉ๔
͕ू߹ͯ͠, φϝΫδͷΑ͏ͳू߹ମΛܗ੒͢
Δݱ৅ʣ͕ى͜Γ͏Δʢਤ 4ʣ. ͜ͷΑ͏ʹ (1)
͸ (5) ͷද֦͢ࢄݱ৅ͱ (6) ͷද͢ूதݱ৅Λ
ಉ࣌ʹՃຯͨ͠ํఔࣜͰ͋Γ, ͜ͷ͜ͱ͕ (KS)
Λ΋ͬͱ΋ಛ௃෇͚Δੑ࣭Ͱ͋Δ.
ಉ༷ʹͯ͠, (KS)ͷୈ̎ํఔࣜ (2)ͷӈลୈ
1߲ʹண໨͢Δͱ೤఻ಋํఔࣜ
∂v
∂t
= ∆v in Ω× (0,∞)
3
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ͱͳΓ, v ʹؔ͢Δ֦ࢄݱ৅Λද͢. (2) ͷӈล
ୈ 2߲ʹண໨ͯ͠ଞͷ߲Λແࢹ͢Δͱ,
∂v
∂t
= −γv in Ω× (0,∞) (7)
ͱͳΔ. (7) ͸, Խֶ෺࣭αΠΫϦοΫ AMP ͷ
෼ղͷׂ߹͕ γ Ͱ͋Δ͜ͱΛҙຯ͢Δ. ·ͨ.
(2) ͷӈลୈ߲̏ʹண໨͢Ε͹,
∂v
∂t
= αu in Ω× (0,∞)
ͱͳΓ, ͜Ε͸ࡉ๔ࣗ਎ʹΑΔ୯Ґ࣌ؒ͋ͨΓ
ͷԽֶ෺࣭αΠΫϦοΫ AMP ͷ෼ൻͷׂ߹͕
α Ͱ͋Δ͜ͱΛද͢.
࣍ʹ, (KS) ͷୈ̏ࣜ (3) ΛΈͯΈΑ͏. (3)
ࣜΛϊΠϚϯڥք৚݅ ·ͨ͸֬཰࿦తʹ͸൓
ࣹน৚݅ͱ͍͏. ͜Ε͸Ω ͷڥք ∂Ω Λ௨ͬͯ
ͷࡉ๔΍Խֶ෺࣭ͷग़ೖΓ͕ͳ͍͜ͱΛද͢.
ͳ͓, ϊΠϚϯڥք৚݅ (3) ʹΑΓ,∫
Ω
u(x, t) dx =
∫
Ω
u(x) dx (8)
͕੒Γཱͭ. (8) ʹΑΓ, (KS) ͷղ u ͸࣭ྔอ
ଘଇΛ༗͢Δ. ͭ·Γ, ࡉ๔ੑ೪ەͷ૯ݸମ਺
͸࣌ؒʹґଘͤͣʹҰఆͰ͋Δ.
࠷ޙʹ, (KS)ͷୈ̐ࣜ (4) Λ ॳظ৚݅ ͱ͍
͍, ͜Ε͸, (KS) ͷղ u, v ͷ࣌ࠁ t = 0 Ͱͷ
ॳظঢ়ଶ͕ ͦΕͧΕ u(x), v(x) Ͱ༩͑ΒΕͯ
͍Δ͜ͱΛҙຯ͢Δ.
Ҏ্ͷཧ༝͔Β, (KS) ͱ͍͏ඍ෼ํఔ͕ࣜ
ࡉ๔ੑ೪ەͷಈ͖Λද͢ͱղऍ͞ΕΔ [஫ 6]. ͜
Ε͕λΠτϧͰ౤͔͚͛ͨ໰͍ʹର͢Δ౴͑Ͱ
͋Δ.
3.3 ۩ମྫͱ਺஋γϛϡϨʔγϣϯ
͜͜Ͱ,਺஋γϛϡϨʔγϣϯͷ݁ՌΛ঺հ͠
Α͏. ؆୯ͷͨΊʹ,ۭؒ࣍ݩΛ 1࣍ݩʢN = 1)
ͱ͢Δ. ͜ͷͱ͖, ࡉ๔ੑ೪ە͸։۠ؒ Ω ʢ༗
ݶͷ௕͞ͷ਑ۚʣ্Λಈ͘.
ྫ 1 (KS) ʹ͓͍ͯ, a = 1, α = 2, γ = 3,
Ω = (0, pi), u(x, 0) = u(x) = 3 − cos 2x,
v(x, 0) = v(x) = 3 ͱ͢Δ.͜ͷͱ͖, ਤ 3 ͷ
਺஋γϛϡϨʔγϣϯ݁ՌΛಘΔ. ͜ͷ৔߹,
֦ࢄݱ৅͕ूதݱ৅ΛউΓ, ࣌ؒͷܦաͱͱ΋
ʹ, ࡉ๔ͷݸ਺͕ҐஔʹΑΒͣʹฏ׈Խ͢Δ༷
ࢠΛද͢.
ਤ 3. ྫ 1 ʹ͓͚Δ (KS) ͷղ u(x, t) ͷ਺
஋γϛϡϨʔγϣϯ (Yahagi (2016) [4])
ྫ 2 (KS) ʹ͓͍ͯ, a = 5
4
, α = 2, γ = 3,
Ω = (0, pi), u(x, 0) = u(x) = 3 − cos 2x,
v(x, 0) = v(x) = 3 ͱ͢Δ.͜ͷͱ͖, ਤ 4 ͷ
਺஋γϛϡϨʔγϣϯ݁ՌΛಘΔ. ͜ͷ৔߹,
ूதݱ৅͕֦ࢄݱ৅ΛউΓ, ࣌ؒͷܦաͱͱ΋
ʹ, ଟ͘ͷࡉ๔͕தԝʹू·Δ༷ࢠΛද͢.
4
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ਤ 4. ྫ 2 ʹ͓͚Δ (KS) ͷղ u(x, t) ͷ਺
஋γϛϡϨʔγϣϯ (Yahagi (2016) [4] )
4 ֬཰աఔͱඍ෼ํఔࣜ
4.1 ֬཰ͱ͸
֬཰ͱݴ͏ͱ, ଟ͘ͷਓ͸ʮ͍͜͞ΖΛ̍ճ
౤͛ͯ̍ͷ໨͕ग़Δ֬཰͸ 16 Ͱ͋Δʯ·ͨ͸
ʮߗ՟Λ̍ຕ౤͛ͯදͷग़Δ֬཰͸ 12 Ͱ͋Δʯ
ͱ͍ͬͨྫΛࢥ͍ු͔΂ΔͷͰ͸ͳ͍ͩΖ͏͔.
΋ͪΖΜ, ͦΕΒ͸ਖ਼͍͠ͷ͚ͩΕͲ΋, ֬཰ʹ
͸཭ࢄܕͷ֬཰ͱ, ຊߘͰѻ͏࿈ଓܕͷ֬཰͕
͋Δ͜ͱʹ஫ҙΛͯ͠΄͍͠. ্ͷ̎ͭͷྫ͸
ͱ΋ʹ཭ࢄܕͷ֬཰Ͱ͋Δ. ͍͜͞ΖͷྫͰ͸,
ग़Δ໨ͱͯ͠ى͜Γ͏Δͷ͸, 1, 2, 3, 4, 5, 6ͷ
̒௨ΓͰ͋Δ. ͜ͷͱ͖, X = {1, 2, 3, 4, 5, 6}
Λ֬཰ม਺ͱ͍͏. ߗ՟౤͛ͷྫͰ͸,ද͕ग़Δ
͜ͱΛ 0 Ͱද͠, ཪ͕ग़Δ͜ͱΛ 1 Ͱද͢͜ͱ
ʹ͢Δͱ,֬཰ม਺X ͸X = {0, 1}Ͱ͋Δ. ͦ
Εʹରͯ͠, ྫ͑͹, ࣍ʹ͋ͷ֯Λۂ͕ͬͯݱΕ
Δਓͷ਎௕ʢ୯Ґ͸ cmʣͷ֬཰ม਺͸Ͳ͏ͳΔ
Ͱ͋Ζ͏ʁ͜ͷͱ͖,ਓͷ਎௕ͱͯ͠ى͜Γ͏Δ
ͷ͸, ͍͍ͤͥ௿ͯ͘΋ 50cm, ߴͯ͘΋ 250cm
Ͱ͋Ζ͏͔Β, X = {ω ; 50 ≤ ω ≤ 250} ͱ
ͳΔ. ͍͜͞Ζͱߗ՟౤͛ͷྫͷ֬཰ม਺͕཭
ࢄతͰ͋Δͷʹରͯ͠, ਎௕ͷྫͷ֬཰ม਺͸
࿈ଓతͰ͋Δ.
4.2 ۭؒ̍࣍ݩ೤఻ಋํఔࣜ
͜͜Ͱ͸, ୈ 3 ষͰ΋঺հͨ͠೤఻ಋํఔࣜ
ʹ͓͍ͯ, ಛʹۭؒ 1 ࣍ݩͰ͋Γ, ͔ͭશۭؒ
Ͱఆٛ͞Εͨ࣍ͷॳظ஋໰୊Λ঺հ͠Α͏.
ྫ 3 ೤఻ಋํఔࣜͷॳظ஋໰୊
∂u
∂t
=
1
2
∂2u
∂x2
in R× (0,∞),
u(x, 0) = u(x)(≥ 0) in R,
(9)
Λߟ͑Α͏. ͜͜Ͱ, ղ u(x, t) ͸Ґஔ x, ࣌ࠁ
t ʹ͓͚Δ෺ମͷԹ౓Λද͢. ͜ͷղ u(x, t) ͸
ॳظঢ়ଶΛදؔ͢਺ u Λ༻͍ͯ,
u(x, t) =
∫ ∞
−∞
E(x− y, t) u(y) dy (10)
Ͱ༩͑ΒΕΔ. ͨͩ͠, E(x, t) ͸جຊղͱݺ
͹Ε,
E(x, t) =
1√
2pit
e−
x2
2t
Ͱ͋Δ. ·ͨ, ܗࣜܭࢉͰ͸͋Δ͕,
lim
t→∞u(x, t) =
∫ ∞
−∞
lim
t→∞
1√
2pit
e−
(x−y)2
2t u(y) dy = 0
ͱͳΓ, ͕࣌ؒे෼ʹܦա͢Ε͹, ෺ମͷԹ౓
u ͸Ґஔ x ʹΑΒͣʹ 0 ͱͳΔ͜ͱ͕ै͏
[஫ 7] . ͜ΕʹΑΓ, ղ u ͷฏ׈Խ࡞༻͕֬ೝ
͞ΕΔ.
4.3 ֬཰աఔͱϒϥ΢ϯӡಈ
ਫ໘ʹු͔ͿՖคͷཻࢠ͕ඇৗʹෆنଇͳӡ
ಈΛ͢Δ͜ͱ͕ΠΪϦεͷ২෺ֶऀR.Brownʹ
Αͬͯ؍࡯͞Ε, ෆنଇͳӡಈ͸ϒϥ΢ϯӡಈ
ͱݺ͹ΕΔΑ͏ʹͳͬͨ. ͦͯ͠ 1900೥୅ॳ
಄ʹ A.EinsteinʹΑͬͯ֬཰࿦ͷཱ৔͔Β, ϒ
ϥ΢ϯӡಈͷ୯७Խ͞ΕͨϞσϧͱͯ͠೤఻ಋ
5
78 なぜ細胞性粘菌の動きは微分方程式で表されるのか／矢作由美
ํఔ͕ࣜಋ͔Εͨ. ୹తʹݴ͏ͱ, ແݶݸͷཻ
ࢠ̍ͭ̍ͭͷ֬཰తӡಈΛද͢΋ͷ͕ϒϥ΢ϯ
ӡಈʢաఔʣͰ͋Γ, ͦͷʢ౷ܭྗֶతʣฏۉ
Λද͢΋ͷ͕೤఻ಋํఔࣜʢ֦ࢄํఔࣜʣͰ͋
Δ. ͦͷ͜ͱΛΈͯΈΑ͏.
ߗ՟Λ̍ճ౤͛ͯ, ද͕ग़Ε͹ 1 ΛՃ͑, ཪ
͕ग़Ε͹ 1 ΛҾ͘͜ͱͱ͢Δ. ͦͷૢ࡞Λ̍ඵ
ʹ̍ճͣͭ܁Γฦ͠ߦ͏. n ඵޙͷ஋Λ Xn Ͱ
ද͢ͱ, ͜Ε͸̍ͭͷ֬཰աఔ ͱݺ͹ΕΔ΋ͷ
ͱͳΔ. ֬཰աఔͱ͸, ͕࣌ؒਐΉ͜ͱʹै͍,
֬཰తʹ஋΍େ͖͞, Ґஔ, ܗ͕มԽ͢Δ΋ͷͷ
͜ͱͰ͋Δ.
̍ຕͷߗ՟ΛԿճ΋౤͛Δͱ͖, k ճ໨ʹද
͕ग़ͨΒ ak = 1, ཪ͕ग़ͨΒ ak = −1 ͱͯ͠
਺ྻ {an} ΛఆΊΔ. ͢Δͱ, ͸͡Ίͷ஋Λ x
ͱ͢Ε͹
Xn =
n∑
k=1
ak + x
ͱͳΔ. ͜ͷͱ͖ͷ n ͸ࣗવ਺Ͱ͋ΔͷͰ, Xn
͸཭ࢄܕͷ֬཰աఔͰ͋Δ.
Bn(x, t) =
X[nt]√
n
+ x
ͱ͢Δͱʢه߸ [a] ͸Ψ΢εه߸, ͭ·Γ, a Λ
௒͑ͳ͍࠷େͷ੔਺Λද͢ʣ,
B(x, t) = lim
n→∞Bn(x, t)
͸ʢ1࣍ݩʣ ඪ४ϒϥ΢ϯӡಈաఔ [஫ 8]
ͱͳΔ. ඪ४ϒϥ΢ϯӡಈաఔ B(x, t) ͸࿈
ଓܕͷ֬཰աఔͰ͋Δ. B(x, t)ͷ֬཰ີ౓ؔ਺
µB(x, t) ͸
µB(x, t) = E(x, t) =
1√
2pit
e
−
x2
2t
Ͱ༩͑ΒΕ, ʢ1࣍ݩʣ೤఻ಋํఔࣜ
∂µ
∂t
=
1
2
∂2µ
∂x2
ͷղͰ͋Δ. ·ͨ, ॳظ஋໰୊ (9)ͷղ (10)͸,
࣌ࠁ 0 ʹ͓͍ͯҐஔ x Λ௨Δඪ४ϒϥ΢ϯӡ
ಈ B(x, t) ͷฏۉͱͯ͠දݱ͞ΕΔ. ͢ͳΘͪ
u(x, t) = E[u(B(x, t))|B(x, 0) = x] (11)
͕੒Γཱͭ. ͜͜Ͱ, E ͸ظ଴஋Λද͢.
ਤ 5 ඪ४ϒϥ΢ϯӡಈաఔ {B(x, t) | B(x, 0)
= 0 } ͷ਺஋γϛϡϨʔγϣϯʢஶऀ࡞੒ʣ
4.4 ֬཰ඍ෼ํఔࣜ
ୈ 5ষͰ Keller-Segel ܥͷղʹ෇ਵͨ֬͠཰
ඍ෼ํఔࣜΛఆٛ͢Δ͕, ͜͜Ͱ͸, ͘͝γϯϓ
ϧͳਓޱϞσϧΛྫʹͯ͠, ৗඍ෼ํఔࣜʹ෇
ਵͨ֬͠཰ඍ෼ํఔࣜΛઆ໌͓ͯ͜͠͏.
ྫ 4 ࣌ࠁ t ʹ͓͚Δਓޱີ౓ u(t) ͕ϩδε
ςΟοΫํఔࣜ
du
dt
= au(1− u)
Ͱ༩͑ΒΕ͍ͯΔͱ͢Δ. ͨͩ͠, a ͸ਖ਼ͷఆ
਺Ͱ, ग़ੜ཰Λද͢.
͜͜Ͱ, ग़ੜ཰͕ۮવͷ༳Β͔͗ΒӨڹΛ͏
͚Δͱ͖, ग़ੜ཰͸ ϗϫΠτϊΠζ ζ(t) [஫ 9]
ͱͦͷڧ͞Λද͢ਖ਼਺ σ ʹΑͬͯ, a + σζ(t)
ͱද͞ΕΔͳΒ͹,
du
dt
= (a+ σζ)u(1− u),
ͭ·Γ, ֬཰ඍ෼ํఔࣜʹΑͬͯ,
du = au(1− u)dt+ σu(1− u)dB
ͱද͞ΕΔʢ͜͜Ͱ B ͸ඪ४ϒϥ΢ϯӡಈΛ
ද͢ʣ.
6
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5 Keller-Segel ܥͱ֬཰աఔ
ୈ 3ষͰ, Keller-Segel ܥ (KS) ͷੜ෺Ϟσ
ϧͱͯ͠ͷղऍΛ঺հͨ͠. ͔͠͠, (KS) ͕ද
͢ͷ͸, ࡉ๔մͱͯ͠ͷࡉ๔ੑ೪ەͷಈ͖Ͱ͋
Δ. ຊষͰ͸,ࡉ๔մΛߏ੒͢Δݸʑͷࡉ๔ͷಈ
͖ʹ͍ͭͯߟ͑Α͏. ؆୯ͷͨΊʹۭؒ࣍ݩΛ
1 ࣍ݩͱ͠, Ω× (0, T ) ্ͷ (KS) ͷղΛ (u, v)
ͱ͓͘. ͦͯ͠, ֬཰աఔ X(s), Y (s) ΛͦΕͧ
ΕҎԼͷ֬཰ඍ෼ํఔࣜͷղͱ͢Δ.
dX(s) = −a∂v
∂x
(X(s), s) χΩ(X(s)) ds
+
√
2 χΩ(X(s)) dB + dϕ1(s),
X(t) = x.
(12){
dY (s) =
√
2 χΩ(Y (s)) dB + dϕ2(s),
Y (t) = x.
(13)
͜͜Ͱ χΩ(·) ͸ࢦࣔؔ਺, ͭ·Γ
χΩ(z) =
{
1 (z ∈ Ω)
0 (z /∈ Ω),
Ͱ͋Γ, B ͸ϒϥ΢ϯӡಈաఔ, ϕ1(s) , ϕ2(s)
͸ͦΕͧΕ֬཰աఔ {X(s)} , {Y (s)} ͕ڥք
∂Ω Ͱ൓ࣹڥքͱͳΔہॴ࣌ؒͰ͋Δ. ͜ͷͱ
͖, ࣍ͷ౳͕ࣜ੒Γཱͭ (Yahagi (2015) [5]).
u(x, t)
= E [u(X(0))e−
∫ t
0
a ∂
2v
∂x2
(X(τ),τ) dτ |X(t) = x],
(14)
v(x, t) = E [v(Y (0))e−γt| Y (t) = x]
+E [
∫ t
0
αu(Y (s), s)e−γ(t−s) ds| Y (t) = x].
(15)
͜͜Ͱ, E ͸ظ଴஋Λද͢. ࣜ (14), (15) ͸
Keller-Segel ܥͷղ u, v ͕ u, v ͱॳظ஋ؔ਺
u, v ͓Αͼ, ֬཰աఔ X(t), Y (t) ͨͪΛ༻͍ͨ
ࣜͷظ଴஋Ͱද͞ΕΔ͜ͱΛҙຯ͢Δ.ݴ͍׵
͑Δͱ୯ʹ (KS) ͷղͰ͋Δ u, v Ͱ͸͋Δ͕,
ͦΕͧΕ֬཰աఔ
u(X(0))e−
∫ t
0
a ∂
2v
∂x2
v˜xx(X(τ),τ) dτ ,
v(Y (0))e−γt +
∫ t
0
αu(Y (s), s)e−γ(t−s) ds
ͷฏۉͰදݱ͞ΕΔͷͰ͋Δ.
্Ͱ༩͑ͨ֬཰ඍ෼ํఔࣜ (12), (13) ʹ͍ͭ
ͯߟ࡯ͯ͠ΈΑ͏. ୈ 3 ষͰ঺հͨ͠Α͏ʹ,
ࡉ๔ੑ೪ە͸଎౓ a∇v, ͭ·Γ a∂v
∂x
Ͱಈ͘Θ
͚Ͱ͋ΔͷͰ, (12) ͷӈลୈ߲̍͸ࣗવͰ͋Δ.
ӈลୈ߲̎͸ϥϯμϜͳಈ͖Λද͢ϒϥ΢ϯӡ
ಈաఔΛՃ߲͑ͨͰ͋Γ, ӈลୈ߲̏͸, ڥքͷ
֎෦ͱ಺෦͕ःஅ͞Ε͍ͯΔϊΠϚϯڥք৚݅
ΑΓಋ͔ΕΔ. ·ͨ, (13) ͸֬཰աఔ Y (s) ͕
ϒϥ΢ϯӡಈաఔͱಉ༷ͷಈ͖Λ͢Δ͜ͱΛҙ
ຯ͢Δ. ҰํͰ, (12) ͸ (KS) ͷղ v ͷඍ෼Λ
༻͍ͯఆٛ͞Ε͍ͯΔͨΊ, (KS)ͱ੾Γ཭ͯ͠
ѻ͏͜ͱ͸Ͱ͖ͳ͍.
6 ͓ΘΓʹ
6.1 ϞδϗίϦΧϏͱΠάɾϊʔϕϧ৆
೪ەͱ͍͑͹, ਅਖ਼೪ە [஫ 10]ϞδϗίϦΧ
ϏΛࢥ͍ු͔΂Δਓ΋গͳ͔Β͍ͣΔͰ͋Ζ͏.
2008೥ͱ 2010೥ʹத֞ढ़೭ڭतʢ๺ւಓେֶʣ
Βͷάϧʔϓ͕͜ͷϞδϗίϦΧϏ༻͍ͨݚڀ
ʹΑΓΠάɾϊʔϕϧ৆ [஫ 11] Λड৆ͨ͠.
2008೥ͷೝ஌Պֶ৆Λड৆ͨ͠ݚڀςʔϚ͸
ʮ୯ࡉ๔ੜ෺ͷਅਖ਼೪ەʹύζϧΛղ͘ೳྗʹ
͍ͭͯͷൃݟʯͰ, ໎࿏ͷग़ൃ఺ͱऴ఺ͷ͔̎
ॴʹӤΛ͓͍ͨͱ͜Ζ, ೪ە͸ମͷܗΛม͑, ࠷
୹ܦ࿏ΛબΜͩͱ͍͏΋ͷͰ͋Δ.
2010೥ͷަ௨ܭը৆Λड৆ͨ͠ݚڀςʔϚ
͸ʮ೪ەΛ࢖ͬͯͷ࠷దͳమಓ໢ͷߏஙʯͰ͋
Δ. ྫ͑͹ؔ౦஍ํͷܗΛͨ͠פఱഓ஍Ͱ, ओ
ͳӺ΍ਓޱͷଟ͍ொʹӤΛஔ͍͓ͯ͘ͱ, ट౎
ݍͷమಓͱΑ͘ࣅͨωοτϫʔΫΛ࡞ͬͨͱ͍
͏. ೪ەͱ͸, ͍͢͝΋ͷͰ͋Δ.
6.2 ࠓޙͷ՝୊
ຊߘʹ͓͍ͯ, ࡉ๔ͷմͷಈ͖Λද͢ͷ͕ภ
ඍ෼ํఔࣜܥͰ͋Δ͕, ֬཰ඍ෼ํఔࣜΛಋೖ
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͢Δ͜ͱͰ, ݸʑͷࡉ๔ͷಈ͖Λද͠͏Δ͜ͱ
ΛΈ͖ͯͨ. ࠓޙͷݚڀ՝୊͸, ਅʹݸʑͷࡉ
๔ͷಈ͖Λهड़͢Δ֬཰ඍ෼ํఔࣜΛಋೖ͠,
ͦͷಈ͖Λߟ࡯͢Δ͜ͱͰ͋Δ. ·ͨ, ؾԹͷ
มԽ΍גՁͷਪҠͳͲ, ֬཰ඍ෼ํఔࣜͷԠ༻
ੑ͸޿͍. ࡉ๔ੑ೪ەΛݚڀର৅ʹ͢ΔͷΈͳ
Βͣ, ޿͍ҙຯͰͷ਺ཧϞσϧΛݚڀର৅ͱ͠
ͯ, ภඍ෼ํఔࣜͷղΛ֬཰࿦తʹߟ࡯͢Δ͜
ͱͰ, ৽ͨͳ݁ՌΛݟग़͍ͨ͠.
[஫]
[஫ 1] ത෺ֶऀɾੜ෺ֶऀͰ͋Δೆํ۽ೇԧ͕ಈ෺
ͱ২෺ͷதؒతੑ࣭ʹ͍ͭͯͷݚڀର৅ͱ͠
ͨ͜ͱͰ, ೪ەͱ͍͏ݴ༿͸, Ұൠʹ޿͘஌Β
ΕΔΑ͏ʹͳͬͨΑ͏Ͱ͋Δ. ͳ͓, ࠓ೥͸ԧ
ͷੜ஀͔Βͪΐ͏Ͳ 150 ೥ͱͳΔ.
[஫ 2] ࡉ๔ੑ೪ە͸ΧϏͰ͸ͳ͍.
[஫ 3] ྫ͑͹, ฏ੒ 25 ೥ʹ͸܂ࢁलҰ।ڭतʢஜ೾
೾େֶʣΒͷάϧʔϓʹΑΓ, ࡉ๔ੑ೪ەʹ
͓͚Δ࣮ݧ݁Ռʹج͖ͮ, ࢷ๱ͷ஝ੵ͕ੜ໋
ʹ༩͑ΔӨڹʹ͍ͭͯͷݚڀൃද͕ͳ͞Εͯ
͍Δ.
[஫ 4] Խֶ෺࣭ͷೱ౓ޯ഑ʹ൓Ԡͯ͠, ࡉ๔͕Ҡಈ
͢Δੑ࣭Λ૸Խੑͱ͍͏.
[஫ 5] ฏΒʹ͢Δ͜ͱ.
[஫ 6] ຊߘʹ͓͚Δ (KS)ͷ৔߹͸, ࡉ๔͸Խֶ෺࣭
αΠΫϦοΫ AMPͷೱ౓ޯ഑ʹͷΈӨڹΛ
ड͚, ೱ౓ͷߴ͞΍௿͞ʹӨڹ͞Εͳ͍.ɹ
[஫ 7] ྫ͑͹, ೤͍ҿΈ෺Λങͬͯ΋͕࣌ؒͨͯ͹
ྫྷͨ͘ͳΔ.
[஫ 8] ඪ४ϒϥ΢ϯӡಈ B(x, t) ͸࿈ଓͳՃ๏աఔ
Ͱ͋Γ, dB ͸ฏۉ 0, ෼ࢄ 1 ͷਖ਼ن෼෍ʹै
͏.
[஫ 9] ϗϫΠτϊΠζ ζ(t) ͸ʢඍ෼ՄೳͰͳ͍ʣϒ
ϥ΢ϯӡಈΛܗࣜతʹඍ෼ͨ͠΋ͷͰ͋Γ,
ζ(t) dt = dB(t) ͕੒Γཱͭ.
[஫ 10] ࡉ๔ੑ೪ەͱ͸ҟͳΔάϧʔϓͷ೪ەͰ͋
Δ.
[஫ 11] ਓʑΛসΘͤ, ࣍ʹߟ͑ͤ͞ΔݚڀʹଃΒΕ
Δ৆ͷ͜ͱ. 1991೥ΑΓ։࠵. ೔ຊਓͷड৆
ऀ΋ଟ͍.
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